In microcircuit fabrication, the diameter and length of a bond wire have been shown to both affect the current versus fusing time ratio of a bond wire as well as the gap length of the fused wire. This study investigated the impact of current level on the time-to-open and gap length of 1 mil by 60 mil gold bond wires. During the experiments, constant current was provided for a control set of bond wires for 250ms, 410ms and until the wire fused; non-destructively pull-tested wires for 250ms; and notched wires. The key findings were that as the current increases, the gap length increases and 73% of the bond wires will fuse at 1.8A, and 100% of the wires fuse at 1.9A within 60ms. Due to the limited scope of experiments and limited data analyzed, further investigation is encouraged to confirm these observations.
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INTRODUCTION
Wire fusing is one of the important sources of circuit failures in microelectronics. Bond wires made of gold are common. Gold bond wire fusing is dominated by heat conduction through the wire. The ends of each wire are connected to a heat sink and maintained at a low temperature [1] , [2] . The maximum temperature then occurs at the center of the wire. Before melting occurs at the wire center, the one-dimensional heat equation can be solved [Error! Bookmark not defined.], [3] . The calculated threshold values are found to be approximately 15% lower than the measured value. After the wire center begins to melt, capillary action dominates; Lord Rayleigh determined that maximum instability occurs at a fused (gap) length of 4.51d [7] , where d is the wire diameter. This value will be used as the minimum fused (gap) length.
The solution to the one-dimensional heat equation given in [Error! Bookmark not defined.], [Error! Bookmark not defined.] is applicable to the portion of the wire that is not melted. After accounting for the shortening of the wire length by the minimum fused gap length, the discrepancy between the one-dimensional calculation and the measured values becomes negligible. Although several authors have previously discussed fusing time versus total action [4] , [5] , this report provides the fusing current level for a 1 mil gold bond wire. Figure 1 shows an overall schematic of a bond wire and how current flows during testing. The need to understand the fusing time and gap length dependencies on the current drove this study performed on 1 mil diameter by 60 mil long gold bond wires. The diameter and length are the mean values for all data collected. A summary of the tests performed and results are shown in Table 1 . Fusing occurs at lower currents for the pull-tested wires. 3 Constant current at fixed pulse width (250ms), for wires with a notch that reduces the wire diameter.
Inconclusive-more data needs to be collected.
Due to the limited number of experiments and data analyzed, further investigation is encouraged to confirm these observations.
This report covers the test units, experiment set-up, test procedures and results.
TEST UNITS
Three test vehicles of 45 bond wires each were made to support this study (see Figure 2 ). The test vehicles were CoorsTek ADS-995 ceramic thin film substrates patterned with a gold-wire bondable thick film layer. The bond wire pad design on the test vehicles is shown in Figure 3 . This pad design was chosen because it allows sufficient area for the probes to contact the pad. Two images of a gold bond wire connected to the pads are shown in Figure 4 . On the left side of Figure 4a is a "wedge" bond and on the right side a "ball" bond. The wires were bonded using an automatic wire bonder to ensure the length and quality of the bond wires would be as consistent as possible. In addition, each bond was inspected and measured prior to testing. See the appendices A-D for detailed information on the bond length and diameter for each test. 
TEST EQUIPMENT CONFIGURATION
Referring to Figure 5 , the constant current test circuit uses a Hewlett Packard 6652A power supply (PS) to provide 6A of stable current to the bond wire (Rload). A stabilizer circuit provides a matching resistive load to the power supply before current is switched to Rload. This reduces current fluctuations and voltage spikes during the switching between the stabilizer and load circuits. Two power MOSFETs (IRL2203N), controlled by waveform generators (WG1 and WG2), provide synchronized switching of the power from the stabilizer circuit to the load circuit.
Figure 5. Constant Current Test Circuit
The calibration circuit enables initial testing of the constant current stability by switching between the stabilizer circuit and the calibration circuit. This allows tweaking of the capacitor (C1) and amplifier (LF353) gain (R1 and R2) to minimize voltage spikes. Final adjustments to stabilize signals were made by replacing the resistors (RS1 and RS2) with 0.1 ohm higher or lower values. The stabilized signals are confirmed by switching between the stabilizer circuit and load at 0.5A constant current.
The waveform signals WG1, WG2, Vm1, and Vm2 were monitored with a Tektronix TDS 2024C oscilloscope. Figure 6 shows WG1 (yellow trace) switching off as WG2 switches on the MOSFET with a positive pulse to the gate. The current path changes from the stabilize circuit (as observed by the magenta trace) to the bond wire, Rload, shown by the green trace. Figure 6a shows the curve when the current is not sufficient to melt Rload. Figure 6b shows that the current stops flowing after 31ms (green trace). The thermal response of Rload was monitored using a Thermalyze Opthotherm EL (see Figure  7 ). A 9 x 5 matrix of 45 wires were placed under the thermal imaging camera and probed one at a time with micromanipulators (see Figure 8 ). The probes use a sharp 1.2 micron tungsten tip modified to provide more contact area and less contact resistance. The tip ends are bent slightly by overpressure on a gold pad, then with both probes on the same pad, high current (6A) is run through the probe tips to clean them. This reduces the total contact resistance from several ohms to less than 1 ohm. This also drops the required power supply voltage from above 12V to a manageable 3V at 2A. The thermal capture software allows video capture of the event and user defined areas to measure temperature on the images. 
Length Calculations
The gap length, as well as wire length and diameter, was measured by taking an image of a ruler (see Figure 9 ) and then taking an image of the bond wire at the same magnification. An image processing software package (ImageJ) uses the image of the ruler as a reference for distance (here, 1mm) and calculates the user's desired length based on this reference. In this report, the yellow line on the figures is the user's desired measurement. 
TEST PROCEDURES AND RESULTS
Test No. 1A: Constant Current at Fixed Pulse Width (250ms)
The goal of this test was to determine the maximum current before the wire fused at a fixed pulse width of 250ms. If the wire did not fuse at 250ms, then the wire was allowed to cool to room temperature and then retested at a higher current. Figure 10 shows a fused bond wire. The data displayed in the image shows a gap length of 16.9 mil(0.43mm) at 4A. 
Statistical Data Analysis
The summary data in Table 2 and the raw data in Appendix A provide the basis for summary statistics, distribution estimates, and confidence statements regarding bond wire fusing times and currents for the levels tested. The next series of tests (1B, see Section 4.2) involves subjecting a different sample of bond wires to a similar series of tests using a 410ms pulse. A comparison of results from these two series of tests indicates that the results can be combined, which provide better estimates and confidence statements (see Appendix E). Consequently, a discussion of the combined results is provided in the next section. which corresponds to the lowest fusing current measured.
Test No. 1B: Constant Current at Fixed Pulse Width (410ms)
The goal of this test was to determine the maximum current before the wire fuses at a fixed pulse width of 410ms. If the wire did not fuse before 410ms, then the wire was allowed to cool to room temperature and then retested at a higher current. 
Statistical Data Analysis
A statistical test was performed to see if the fusing time data in Appendices A and B could be combined. While these results appear to be quite different, much of the difference can be explained through differences in bond wire length and diameter. The statistical tests indicated that when taking these variables into account, the data are similar in distribution and can be combined (see Appendix E). Tables 2 and 3 provide the basis for some simple statistics. The average current to cause fusing was 1.82A with a standard deviation of .047. One can also use the data in these tables directly to estimate portions of the distribution that will fuse at each current. These estimates are simply the fraction of the bond wires that fused at or before the specified current, or at a lower current in the test sequence. Combining the data from the tables in Appendices A and B gives the estimated portions .019, .75 and 1.0, for 1.7, 1.8 and 1.9A respectively.
Estimates can also be made for bond wire fusing at a specific current. Fusing time distribution estimates can be established separately for 1.8A and 1.9A pulses, treating data for those that did not fuse at that current as "censored" data (see Appendix E). In summary, these distributions were best fit to a three parameter, log-normal distribution with parameters shown in Table 4 (details provided in Appendix E). (*) YY% certainty that at least XX% of the bond wire population will yield a fusing response lower than T u ; or (**) YY% certainty that at least XX% of the bond wire population will yield a fusing response higher than T l .
The percentages YY and XX and the thresholds T u and T l are parameters of the statement. These statements are based on statistical tolerance bounds, defined as confidence bounds on distribution percentiles.
Statements (*) and (**) can be used to estimate the bond wire performance as a function of time for any given current where at least two test units fused. The estimates and bounds in the table below address the question: "How long will it take for the bond wire to fuse when subjected to the current given in the first column?"
The As an example of how one might use these tables, the statement can be made that with 90% certainty, 95% of the bond wires will fuse at or before 58.5ms when exposed to a 1.9A pulse. The expected time of fusing at this current is 20.6ms (from Table 4 ).
It is important to note that some of the variability contributing to the standard deviation and fairly wide tolerance bounds is the result of differences in the bond wire length and diameter (both have a significant effect on fusing time).
Test No. 1C: Constant Current (2A -6A)
The goal of this test was to determine the impact of current on the gap length of the bond wire after fusing. The pulse width was not limited as in Test No. 1A and1B. The bond wires were subjected to a constant current until they fused. 
Test Results
Summary
The fusing current data is summarized in Figure 14 . The results show that in general, the gap length increases as the current increases. 
Test No. 2: Constant Current at Fixed Pulse Width (Pull-tested Bond Wires)
The goal of this test was to determine the allowable current before the pull tested wire fuses at a fixed pulse width of 250ms. If the wire did not fuse at 250ms, the wire was allowed to cool down to room temperature and then retested at a higher current. Figure 21 shows an overlay of the pull-tested bond wire versus a non-pull tested bond wire. Per the documentation on fielded hybrid microcircuits, the non-destructive pull test was defined as 1.5 +/-0.1 grams-force [6] . The pull-tested bond wire has only a slightly different shape than the non-pull tested wire because the average pull strength for the bond wire type used was 6 gramsforce [6] . 3. Each bond wire tested, beginning at .5A and increasing in .1A increments, limited to a 250ms pulse width at each current until the bond wire fused. 4. Once the wire fused, data was recorded as shown in Appendix D. 5. Steps 2 and 3 repeated for each bond wire. Table 4 summarizes the pull-tested bond wire data. A and B) . The summary in Table 4 shows that in general, fusing occurred for the pull-tested wires at lower currents. Because of the limited number of data, it is not possible to get a good estimate of fusing-time distribution. A rough estimate for 1.8A is provided in Table 7 , based on a three parameter, lognormal distribution. See Appendix E for details on the statistical testing. 
Test Results
Summary
Test No. 3: Constant Current at Fixed Pulse Width on Notched Wires
The goal of this test was to determine the impact of a reduction in the wire diameter on the bond wire fusing time and current. This section reports the results of two wires, so there is not enough data for conclusive results, but the procedure and data provide a baseline for future work. In addition, the notches were not uniform and so the percentage of the diameter is an estimate based on the part of the notch that was measured. 
Statistical Data Analysis
No meaningful data analysis could be done due to the small sample size. Section 5.2 describes proposed future work.
CONCLUSIONS
Key Results
Based on the data obtained to date, the conclusions are as follows:  Majority (73%) of the bonds fused at 1.8A (for samples that were not pull tested)  No bonds fused at less than 1.7A (lower bound)  No bond lasted longer than 60ms at 1.9A (upper bound)  As current increases, the gap length increases (approximately linearly) Table 9 details the future work that could be performed for each of the characterization tests described in this report. 
Future Work
APPENDIX E -STATISTICAL TESTING
Statistical tests were performed to compare data acquired from the 250ms and 410ms pulse tests. These data are described in Sections 4.1 and 4.2 and are given in Appendicies A and B. Because all the responses from testing using 410ms pulses resulted in fusing at 1.8A, the only comparison made was at this current. For this comparison, one observation was considered to be "leftcensored" (one only knows that it had fused by time t) and a number of observations were considered to be "right-censored" (one only knows that they had not fused at time 250ms). The censored observations, together with the set of bond wires that failed at 1.8A, provide the basis for the 250ms test results. The bond wire that fused at 1.7A was treated using the following assumptions: 1) A bond wire that fused at a lower current would fuse at the higher testing current in less or equal time; and 2) A bond wire that fused at a lower current would fuse at the higher testing current before any of the bond wires that did not fuse at the lower current.
Note that assumption 1) does not require an understanding about the relationship between testing at the different currents, beyond assuming the higher current will cause fusing at least as fast as the lower current. Assumption 2) carries the assumption that not fusing at a lower current indicates a "stronger" bond wire, and hence at the higher current the bond wires that did fuse at the lower current would fuse earlier. This assumption seems reasonable if, for example, the fusing is strictly a function of the temperature achieved by the bond wire during testing.
Statistical tests for the censored data were performed using Minitab ® software. The following shows the resulting ANOVA table. Column "P" shows the p-values related to the testing. Using p = .05 (or most any reasonable value) as a significance level, the table indicates that bond length and diameter are significant in determining fusing time, however "test set" is not. Test set is being used as an indicator variable to distinguish between the 250ms and 410ms pulse results. As a result of these tests the two data sets were combined. Similar statistical tests were performed to compare the combined data discussed above and the pull-tested bond wire data described in Section 4.4. In the ANOVA 
APPENDIX F -COMPUTATION OF STATISTICAL TOLERANCE LIMITS
The steps used in computing the statistical tolerance bounds are as follows. 1) Determine an appropriate distribution for modeling the censored data.
2) Estimate parameters of the distribution.
3) Compute tolerance bounds using appropriate methodology for the selected distribution.
Details are provided here on the above steps for the combined 250ms and 410ms bond wire data.
Steps1 and 2: Probability plots for the censored data indicate that neither the Gaussian distribution or the Weibull distribution were appropriate for modeling these data. While none of the considered distributions indicated an excellent fit, the most appropriate distribution appeared to be the three parameter log-normal distribution (see Figures F1and F3) . Probability plots corresponding to the three parameter, lognormal distribution for the 1.8A data and the 1.9A data are shown in Figures  F2 and F4 respectively; the estimated distribution parameters are shown on the right side of the plots. Step 3: An appropriate way to compute tolerance bounds for these data is to transform the data to the Gaussian distribution by subtracting the threshold and taking the logarithm. Tolerance bounds are then computed using standard Gaussian methods (i.e., using the non-central t-distribution); the reverse transformation is then used to obtain the appropriate bounds. This process was applied here and the results provided in Section 4.2.
